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[57] ABSTRACT 

An monolithic integrated circuit comprising a transistor- 
inductor stracture is provided having simultaneously noise 
matched and input impedance matched characteristics at a 
desired frequency. The transistor-inductor structure com- 
prises a first transistor Qi which may be a common emitter 
bipolar transistor or common source MOSFKT transistor Qi, 
a second optional transistor Q^. a first inductor in the 
emitter (source) of Qi , and a second inductor Lg in die base 
(gate) of QI. The emitter length l^j, or ccwrespondingly the 
gate width w^, of QI is designed such that the real part of 
its optimum noise impedance is equal to the characteristic 
impedance of the system. Zq. which is typicaUy 50fl. The 
first inductor L^. provides matching of the real part of the 
input impedance and the second inductor L„ cancels out the 
noise reactance and input impedance reactance of the struc- 
ture. The resulting simultaneously noise and impedance 
matched integrated circuit provides optimal performance. 
The optimized transistor-inductor structure has particular 
api^cation to silicon integrated drcuits, sudi as low noise 
amplifiers and mixer circuits, for wireless and RF circuit 
applications at 5.8 Ohz, i»«viously reported only for GaAs 
based circuits. Other basic siUcon integrated circuits wwe 
optiinized at frequencies up to -12 GHz. 

29 Claims, 11 Drawing Sheets 
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mCH FREQUENCY NOISE AND 
IMPEDANCE MATCHED INTEGRATED 
CIRCUITS 

FIELD OF THE INVENTION 
This iavcntion relates to high frequency noise and imped- 
ance matched integrated circuits and a methodology far 
circuit design, with particular ^iplication to silicon inte- 
grated circuits using integrated inductors for RF circuit 
applications. 

BACKGROUND OF THE INVENTION 

Successful exploitation of wireless consumer products 
relies on highly integrated, low cost integrated circuits. 
Steady inp'ovements in transistor performance and demand 
for higher levels of integration have led to die increased 
application of silicon technology for RF and wireless circuit 
applications. Indeed, cost effective silicon-based integrated 
circuits are now available for wireless personal communi- 
cations systems at lower bit rates in the ~1 GHz band. 

Recent developments in t^oadband multimedia conmiu- 
nications systems are based on wireless asynchronous trans- 
fer mode (ATM) transmission in the 5 GHz band. Although 
GaAs circuits remain several times more expensive than 
silicon circuits, the feasibility of using lower cost silicon 
based technology in this frequency band has been limited, 
due to significantly higher substrate and intorconnect losses 
in silicon relative to GaAs. Histcncally, silicon tedinology 
has suffered from a lack of high Q inductors. More recently, 
improved inductor performance has been obtained using 
microstrip transmission line inductors. 

Nevertheless, whether designing high frequency GaAs or 
silicon based circuits, for example, tuned low noise anq>lifier 
(LNA) and mixer circuits for wireless systems, simultaneous 
noise and impedance matching presents a diallenge to 
improved performance. There is a trade-off in noise and 
input impedance matching, as discussed by K. K. Ko et al, 
"A comparative smd^ on the various monolithic low noise 
amplifier drcuit topologies for RF and microwave Apjdica- 
tions" IEEE J. Sdii State Circuits vol. 31. no. 8. August 
1996. pp. 1220-1225. This trade-off is caused mostly by the 
fact that the transistor size is traditionally considered as a 
fixed design parameter, and a library of certain standards 
sizes are available. Thus, conventionally, a passive nc^odc 
is designed around a given transistor in order to achieve 
noise matching and/or iixspedance matching. The passive 
netwcrt itself contributes losses and degrades the noise 
figure, as discussed by E McGrath al, in "A 1 .9 GHz GaAs 
Chip set fra- the personal handyphone system", IEEE Trans. 
MTT Vol. 43, pp. 1733-1744, 1995 and by A. Brunei, et al. 
in "A Downccnveiter for use in a dual mode AMPS/CDMA 
chip set", in Microwave J., pp. 20-42. February 1996. 

The losses in ttie passive network increase as the network 
become more complicated, and a significant area of an 
integrated circuit may be taken up by die matdung network. 
For example, in typical low noise amplifiers and GaAs mucer 
circuits discussed in the above mentioned references to Ko. 
McGrath and Bninel, either the noise figure or input imped- 
ance matdiing are sub-optimal, or the passive matching 
circuit is excessively complex, occupying a large semicon- 
ductor area. 

It is well known that high frequency losses are particu- 
larly severe on semiconducting silicon substrates, relative to 
semi-insulating GaAs substrates. On the other hand, while 
passive components are less lossy on GaAs substrates, the 
present cost of GaAs circuits is at least a facto- of two more 
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expensive than silicon circuits. Consequently, if matching 
losses were reduced for silicon subsliates to allow for design 
of high performance wireless circuits, these circuits could be 
fabricated in silicon with significant cost savings relative to 
5 similar GaAs circuits. 

SUMMARY OF THE INVENTION 

The present invention seeks to provide improved noise 
and impedance matching for monolithic integrated circuits, 
particularly for silicon integrated circuits for high frequency 
af^lications in RF and wireless technology, and a design 
methodology fw integrated circuits, which overcomes or 
avoids the above mentioned limitations. 
j5 Thus according to one aspect of the present invention 
thea-e is provided an integrated circuit including an inte- 
grated transistor-inductor structure con^Hising: 
a transistor having geometric dimensions comprising a 
characteristic dimension, the characteristic dimension 
20 being an emitter length, l^. for a bipolar transistor, and 
a gate width toe field effect transisiOT. the charac- 
teristic dimension being selected to provide the real 
part of the optimum noise impedance equal to the 
characteristic impedance of the integrated circuit Zq, 
25 thereby providing noise matching of the transistor at a 
selected operating frequency and bias current density; 
and a passive matching network consisting of a first 
inductor for matching the real part of the input imped- 
ance to Zq. and a second inductor for cancelling out the 
30 imaginary part of the input inqiedance and the noise 
reactance respectively, the circuit thereby providing 
simultaneous noise and input impedance matching. 
Optimization of the transistw geometry achieves noise 
matdung of the transistor and reduces the number of net- 
as work matching components required to meet impedance and 
noise specifications of the circuit, and thus significantly 
reduces the circuit area. The noise and impedance matched 
integrated circuit structure comprising an optimised 
integrated-transistw-inductor structure provides in^jroved 
40 perfomance at high frequencies suitable for RF and wireless 
circuit applications such as telecommunications. 

The first inductor is selected to jxovide matching of the 
real part of the input impedance and is approximated by 
L£=^)/a)7x The second inductor matches the imaginary part 
45 of the input impedance and the noise impedance to 0^ by 
setting Ly=l/(o^Ci„-L£. 

Typically the characteristic inqiedancc of the system 7^ is 
50Q. Zo may be increased from *e typical 5011. if required, 
in order to improve performance further. 
50 Where the integrated circuit comprises a bipolar transistor 
comprising an emitter, base and collector, coupled in com- 
mon emitter configuration, the length l^. of the emitter is 
optiraized to provide noise matching of the fransistor. and 
the first inductor is an emitter coupled inductor for 
ss matching the real part of the input impedance Z^. and the 
second inductor is a base coupled inductor hg for matching 
the imaginary part of the input impedance and noise reac- 
tance to on. 

Altemativdy. when the transistor comprises a field effect 
60 transistor conqrising a gate, soiuce and drain, coupled in 
common source configuration, the width of the gate is 
optimized to provide noise matching of the fransistor, and 
the first inductor is a source coupled inductor fcs" match- 
ing the real part of tiie input impedance Zo. and the second 
65 inductor is a gate coupled inductor for matching the 
imaginary part of the ii^ut iiiq)edaoce and noise reactance 
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Practicidly, a second transistor Q2 is added for input/ 
ou^t buffering, the second transistor being coui^ed to the 
first transistor in casoode configuration, and size ratio of Ql 
to Q2 being detemiined by the ratio of the peak f j. current 
density and the minimum noise cunent density. j 

Thus according to another aspect of the present invention, 
there is provided an integrated dicuit including an inte- 
grated transistor-inductor structure c<nq>rising-. 

first and second bipolar transistors in cascode 
configuration, each transistor oon^msing an emitter. 
collector and base, the first transistor being coupled in 
common emitter mode and the second transistor 
coupled in common base mode, 
the first transistor having a emitter length If, selected to 
provide to provide the real part of the optimum noise 
impedance equal to the characteristic impedance of the ' 
integrated circuit Zq. thereby providing noise matching 
of the transistor at a selected operating frequency; 
a first inductor coupled to the emitter of the first 
transistor, for matching the real part of (he input imped- 
ance to Zq. and a second inductor Lg. coupled to the ^ 
base of the first transistor, for cancdling out the imagi- 
nary part of the input iiq>edance and the noise reac- 
tance respectively, the circuit thereby providing simul- 
taneous noise and input impedance matching. 
The emitter length of the second transistor is selected 2S 
to provide that it is biased at the current density at which its 
cutoff frequency reaches a maximum for maximizing gain 
and frequency of operation. The size ratio, i.e. the ratio of Ae 
emitter lengths, of the first and second transistors is deter- 
mined by the ratio of the peak f j- current density to the 30 
minimum noise current density. 

The design of the transistor-inductor structure Is based on 
a novel approach to design methodology in whidi the size of 
(he transistor is designed first so diat teal part of the 
optimum noise impedance of the transistor is noise matdied 33 
to the characteristic iiqiedance d the syston Zq. typically 
50CI, at the desired frequency and collector current density. 
Since the transistor is an active device, noise matching is 
achieved without losses and without noise figure degrada- 
tion. The ta^ of noise matching of the transistor is thus 40 
removed ftom the passive network. Losses in the passive 
network around the transisttH^ arc reduced, and the resulting 
matching network is therefore sinq>ler. and less lossy ttian in 
current known circuit designs. 

To ccnq>lete the noise and impedance matched structure. 45 
a minimal passive network coiqpiising only two lossless 
inductcH? is designed to provide inqtcdancc matching with 
the lowest possible degradation of the overall noise figure. 
The simplified matching network reduces oonqmnents and 
saves area, contributing to significant cost reduction. 50 

The noise and inqxdance matched transistor-inductor 
structure may be used to build integrated circuits such as low 
noise ampUflors and mixer curcuits widi significantly 
inQKOved performance at high frequencies. Pafomiance of 
noise and inq>edanoe matdied silicon transistor-inductor 55 
devices has been obtained which is comparaUe to that of 
GaAs at frequencies in the 1 to 12 GHz range. 

For example, tiie noise matched hransistor-inductra shnc- 
ture may provide a circuit operable as a low noise amplifier, 
comprising: means for supplying a first input signal coupled 60 
to the first transistor base throu^ the second inductor L^; 
Ihc transistor emitter coupled to an emitter degeaeratton 
means oonqirising ttie first inductor ; and output means 
coupled to the collector of the first transistcff for generating 
an output signal. 65 

Correspondingly, the transisk^^-induaor structure may be 
used to provide a circuit operable as a mixer. coinjHising: 



means for supplying an first input (RF) signal wuj^icd to the 
first transistor base through the second inductor L^; a second 
base inductor coupled to the base of the second transistor 
and means for supplying a second iiqHit (LO) signal coupled 
to the second transistor through the second base inductor; 
the transistor emitter coupled to an emitter degeneration 
means coniprising the first inductor . fa- generating an 
ou^ut (IF) signal at output means coupled to the collector of 
the first transistor. 

Each transistw may. for exan^le. be a bipolar transistor 
selected from the group consisting bipolar junction transis- 
t«-s (BJTs) or heterojunction bipolar transistors (HBTs). 
Alternatively, the transistors may be field effect transistcrs, 
i.e. siUcon MOSFETs or MESFETs. JFETs. and HEMT 
transistors. Thus the noise and impedance matched circuits 
may be implemented, for cxainjle. in silicon, silicon 
gcnmnium, or a IH-V con^>ound semiconductor. By pro- 
viding simultaneous noise and inpedance matdiing. thereby 
reducing substrate losses, die design methodology provides 
for particular improvements in ttie high frequency perfor- 
mance of silicon based circuits. 

The simple and compact integrated transistor-inductor 
structure is used to demonstrate the feasibility of fabricating 
a cost effective, high performance, higjh speed silicon inte- 
grated circuit, which is simultaneously noise and impedance 
matched. 

According to a further aspect of the present invention 
there is provided a silicon integrated circuit structure com- 
prising a integrated transistor-inductor structure for opera- 
tion as a double balanced mixer conqxising: 

an input pair of common emitter transistors Ql and Q2. a 
mixing quad conprising two differential pairs of com- 
mon base transistors Q3 and Q4. and Q5 and Q6. each 
transistor of the input pair Q2 and Q2 coupled to the 
emitter of a respective one of the pairs of mixing quad; 

a pair of emitter inductors L^- coupled to the emitters of 
the in»it pair Q2 and Q2, the emitter inductors 
jH-oviding emitter degeneration means, and a base 
inductor coupled to the base of one of first pair of 
Q2 and Q2, the other base being AC grounded; 

input means for supplying differential input (RF) signals 
coq>led to the bases of the input transistor pair through 
the second inductor L^, 

input means for supplying differential second input (LO) 
signals coupled to respective bases of each pair of 
transistors of the mixing quad. 

output means coupled to collectors of pairs transistors of 
the mixing quad for generating a differential output IF 
signal; and 

eadi of the transistors of the input pair Q2 and Q2 having 
a emitter length l^, selected to jxovide the real part of 
the optimum noise impedance equal to the character- 
istic inq>edance of the integrated circuit Zo, thereby 
providing noise matching of the transistors at a selected 
operating frequency; 
the emitter inductcM^s Lf coupled to the emitter of the input 
transistors, for matching the real part of die input 
impedance to 2^, and the second inductor coupled 
to the base of one of the input transistor, for cancelling 
out the imaginary part of the input iii^>edance and the 
noise reactance respectively, the circuit thereby provid- 
ing simultaneous noise and input in^xxlance matching. 
The size ratio of the transistors in the mixing quad and the 
input pair is based on ratio of the peak f ^ current density and 
the minimum noise current density. 

Advantageously, the circuit includes an LO reject filter 
comprising an series LC filter cotqiled between the differ- 
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endal IF ou^uts. and a pa allel resonator tuned on the 
second RF harmonic as an AC cuiient source coupled in the 
emitter of the input pair. 

According to another aspect of the present invention there 
Is provided a silicon integrated circuit structure comprising 5 
a transistor-inductor structure for operation as a low noise 
differential amplifier, conqxising: 
an input pair of common emitter transistc^ Ql and Q2. 
and an ou^t pair of common base transistors Q3 and 
Q4 coiqjled in cascode ccmfiguration; a pair of emitter 
inductors coupled to respective emitters of the input 
pair Ql and Q2. and a pair of base inductors hg coupled 
to the respective bases of the input pair of Ql and Q2. 
means for supplying a first input signal pairs coupled to 
respectively to the bases of the first transistor pair 1$ 
through the second inductors 
for generating a pair of output signals at the collectors of 

the second transistors Q3 and Q4; 
each of the transistors of the input pair Ql and Q2 having 
a emitter length 1^. selected to provide the real part of 20 
the optimum noise impedance equal to the character- 
istic impedance of the integrated circuit 2^ thereby 
providing noise matching of the transistors at a selected 
(^jerating frequency; 
the emitter inductors coupled to the emitter of (be input 25 
transistws. for matching the real part of the input 
impedance to Zq. and the base inductOT L^,, coupled to 
the base of one of the input transistor, for cancelling out 
the imaginary part of the input in^pedance and (be noise 
reactance rc^ctively, the circuit thereby jxoviding 30 
simultaneous noise and iq)ut impedance matching. 
The emitter lengths of the first and second pairs of 
transistors are characterized by being twice as large as the 
corresponding emitter leng&s in Ifae coiresponding single 
ended circuit 35 

Thus, the integrated transistor-inductor structure may be 
used to advantage in providing various input iiiq>cdanoe and 
noise matched low noise amplifier circuit and a mixer circuit 
of single and compact design. In particular, the circuits may 
be implemented in silicon, and provide high frequency ^ 
pofoimance more generally found only in GaAs circuits. 
These structures may be fabricated by known silicon process 
technology, and Implemented in either high speed silicon 
bipolar or silicon MOSFET technologies. Other high speed 
silicon based devices, for example SiGc bipolar transistOTS 45 
may ahanatively be used. 

SpeciflcaUy, monolithic silicon low noise amplifier and a 
mixer circuits operable at 5.8 GHz are demonstrated to be 
feasible with performance characteristics previously 
reported only for GaAs based circuits. This improved per- » 
fcNmance at a record hi^ frequency for a silicon based 
circuit is dependent on several factors. Firstly, the uncon- 
ventional design methodology presented herein, in which 
the transistor emitter length is treated as a design variable. 
Initially, the transistor emitter length is optimised to obtain 55 
noise iiuitching, which then allows a very much simplified 
matdiing network. Secondly, the use of a high performance 
silicon bipolar technology takes advantage of recent 
improvements in inductors and microstrip transmission lines 
using multilevel metallization schemes. The latt» benefit 
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from use of first level metal as ground planes to reduce 
substrate losses. 

Consequently, substrate losses can be reduced, and very 
significant imp-ovemcnts in peiformance of silicon based 
integrated circuits relative to conventional designs can be 
achieved for high fi^equency RF circuit applications. 

Since the substrate losses in GaAs and other con^HHind 
semiconductor implementations are lower than in silicon, 
more modest performance improvements are obtained. 
Nevertheless, the structure is also beneficial in avoiding the 
trade-off in noise and input impedance matdiing in design- 
ing GaAs and other m-V compound semiconductors to 
obtain optimal performance. Accordingly, another aspect of 
the present invention provides a me&od for providing a 
noise and impedance matched integrated circuit comprising 
an integrated transistor-inductor structure, comprising: 

first, determining geometric dimensions of the transistor 
to provide the real part of the noise impedance of the 
transistor is equal to the characteristic impedance Zq at 
a desired frequency and collector current density; 

and then, designing a minimal passive matching circuit 
comprising a first inductor to provide matching of the 
real part of the input m9)edance, and a second inductor 
cancelling out (he noise reactance and input impedance 
reactance of the structure. 

The design is achieved in two stages, I) the noise matched 
transistor design stage, which optimises noise matching at a 
selected frequency, and II) the circuit design stage in which 
simultaneous impedance and noise matdiing is pursued. 

That is, transistor has a diaracteristic dimension, the 
characteristic dimension being an emitter length 1^ for a 
bipolar transistor and a gate widtfi w^ fcr field effect 
transistor, which is designed to {X'ovide that the real part of 
its optimum noise impedance is equal to flie characteristic 
impedance of the system, Zq. 

The first stage is dependent on the availability of scalable 
models, which have not until recently been available in the 
litwature. Indeed, the design approach requires a physically 
based scalable model for bipolar transistors, and accurate 
closed-form noise parameter equations suitable f«- circuit 
design. Designing a minimal passive impedance matching 
circuit comprising first and second inductors, comprises 
determining the inductance of an emitter inductor L^. to 
match the real part of the input in^jedance to Zq. and then, 
determining the inductance of a base inductor h„ to simul- 
taneously match the imaginary part of die input iiiq>edance 
and the noise impedance to (K2. 

This design q^t^oach is unique in treating the transistor 
geanetty as a design variable. In particular, a characteristic 
dimension of the transistor, i.e. the emitter length of a 
bipolar transistor, or the gate width of a field effect transistor 
is optiniised to achieve noise matdiing of the transistor. The 
design methodology allows for simultaneous c^timization 
of both the transistw parameters and the passive matching 
network conqtonent parameters. 

The steps of stage L i.e. designing a noise matched 
transistor comprise: determining an optimal noise current 
density according to equations: 
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and detemiiDing the optimized emitter length If, by lunning 
a simulation using a scalable model to bias the transistor at 
the optimal noise density and adjust Ig until Rsop(l£)=Zo the 
characteristic impedance of the circuit, thereby determining 
the transistor size and bias current. Thus, the optimal n<Hse 
current density is determined by using F^,^ vs. log(Ic-) 
curves. 

Preferably, the design is canied out using a c<»nmecciaUy 
available design tool such as HSFICE™. The scalable 
models provide analytical equations for determination of the 
noise and iiiq>edance parameters of the transistors and 
passive components using a standard design tool These 
equations were used to develop customised input decks for 
HSFICE to derive the required design parameters. Sample 
input decks developed fOT HSPICE for either bqmlar tran- 
sistors or MOSFETs are included in Appendices A and B, 
respectively. Alternatively appropriately customised decks 
to solve the equations may be created far other design toots. 
Thus optimized peiformance is readily obtainable with 
commercially available or custom design tods. 

Thus, optimized noise and impedance matching of an 
integrated circuit is achieved in a integrated circuit of simple 
design by a two stage design ai^Hoach providing a noise 
(^jtimized transistor and a minimal inductor network for 
iiqxxlance matching. A simple transistor-inductor stnicture 
inq>lemented in silicon, which is simultaneously noise and 
iii9>edance matdied. This structure is advantageously used 
to provide siUcon in^lcmcntations of LNA and doable 
balanced mixer circuits with high ftequency peiformance 
previously only reported far similar circuit in^lemented 
with m-V based technology. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a circuit schematic of part of a monolithic 
silicon integrated circuit comprising a transistor-inductor 
structure accwding to a first embodiment of the present 
invention; 

FIG. 2 shows a circuit-schematic of part of a monolithic 
silicon integrated circuit ccnnprising a transistor-inductor 
structure according to a second embodiment of tiie present 
invention; 

FIG. 3 shows a circuit schematic of part of a monolithic 
silicon integrated circuit conqxising a transisttH'-inductar 
structure according to a third embodiment of the present 
invention; 

FIGS. 4 to 8 represent sequential steps in the design flow 
for the transistor-inductor structure of the first embodiment, 

FIG. 4 shows graphical plot of the dependence of the 
noise parairieter Fmiff, and transistor parameters fj- and fuAx- 
on the collector current I^- of the tiansistcH-, ftom which, for 
a given transistor geometry Ie>>We, and bias voltage Vcc 
the optimal noise current density J^. is derived at a desired 
frequency (0^ 

FIG. 5 shows a graphical plot of the emitter length 1^ as 
a function of noise parameters Fj^y^ F,o optimal 
source impedance R^. from which the emitter length is 
adjusted to set R^l^) equal to the characteristic in^pedance 



of the system Zq, typically 50fl, to achieve noise matching 
of the transistor; 

FIG. 6 shows the optimum noise impedance cf the tran- 
sistor plotted on a Smith chart at the end of the transistor 
design stage; 

FIG. 7 reiKesents the low noise circuit design flow step of 
15 adding an emitter inductor L^. to match the real part of the 
iqput impedance to 2^; 

FIG. 8 represents the low ndse circuit design flow step of 
adding a base inductor Lg to simultaneously match the 
imaginary part of the input impedance and noise in9>edancc 

20 tooa 

FIG. 9 shows a circuit schematic of a LNA (core) circuit 
according to a fourth embodiment of the present invention; 

FIG. 10 shows a circuit core schematic of a double 
^ balanced mixcar (core) circuit according to a fifth embodi- 
ment of the present invention; 

FIG. 11 shows measured values for the conversion gain 
and input and ou5)ut return loss for the low noise araplifter 
circuit of the fourfli embodiment; 
30 FIG. 12 shows measured values for the conversion gain 
and input return loss for the mixer circuit of the fifth 
embodiment; 

FIG. 13 shows the measured noise figure ¥i„w as a 
function of frequency for the low noise an^lifier circuit 
35 noise and impedance cnatched for 5.8 GHz; 

FIG. 14A shows a photomicrograph layout of the low 
noise ampiifier circuit of the fourth embodiment; 

FIG. ISA shows a photomicrogn4>h layout of the mixer 
circuit of the fifth embodiment; 

FIG. 16A shows a photomicrograph layout of a gain 
bandwidth and input impedance optimised Darlington 
amplifier (16 dB gain at 8 GHz designed using the scalable 

FIG. 17A shows a photomicrograph layout of a noise and 
uI^)edance optimised Darlington amplifier (8 dB gain at 14 
GHz) designed using the scalaUe model; 

FIG. 18 shows the measured gain and input r^um loss of 
a 12.6 GHz bandwidth silicon Darlington amplifier; and 
so FIG. 19 shows die measured gain and group delay ripple 
of the 12.6 GHz bandwiddi Darlington amplifier. 

DESCRIPTION OF THE EMBODIMENTS 
Part a moncdithic silicon integrated circuit !• compiis- 

35 ing an integrated transista--inductar structure 12 according 
to a first embodiment Of the present invention is shown 
schematically in FIG. 1, and comprises a first transistor 14, 
which is a common emitter bipolar transistor Q, for low 
noise amplification, and a second transistor 1€. which is a 

60 common base transistor Qj for input/ou^t buffodng, die 
two transistcrs being coupled in cascode configuration; a 
first inductor 18 Lf is coupled to the emitter 20 of the first 
transistor ; and, a second inductor 22 Lg coupled to the 
base 24 of the first transistor Q,. Noise and impedance 

65 matdiing of the transistor-inductcar structure is achieved by 
designing the transistor 14 having an ^Kdfic geometry, and 
in particular a specific emitter length If, which provides that 
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tiie real part of its optimum noise iii:q>edaiice at the desired 
frequency of operation and collector current density is equal 
to the characteristic in^jedance Zo of fte system, i.e. the 
integrated circuit Once the transistOT geometry is determined 
to provide noise matching, design of the matdhing netwcvk 
is reduced to adding a v«y simple passive matching network 
using only two inductors. The first inductor 20. L^^ provides 
matching of the real part of the input impedance, and the 
second inductor 22. cancels out the noise reactance and 
input iir^dance reactance of the structure. Specifically ttie 
inductance values are determined to be Lc=Z^aiT, and 
La=l/(0^i„-l>£. 
The size ratio of the emitter lengths of the first and second 
transistOTS is determined by the ratio of tte fj- current 
density to the minimum noise current density. In the 
circuit represented in FIG. 1. the ratio is 8 to 1. which 
is tedmology dependent 
Thus an integrated transistor-inductor structure compris- 
ing a transistor Ql haviflg an emitter lengtti 1^^ designed to 
provide noise matching at a desired operating frequency, and 
a simplified matching network of two inducto-s and 
of the appropriate values to provides impedance matching of 
the circuit, provides a simultaneously noise and impedance 
matdied circuit. This structure is particularly advantageous 
in q)timising performance of silicon based circuits fot 
wireless and RF aj^cations. 

The design of the transistor-inductor structure is based on 
a design methodology. i.e. a method of designing an inte- 
grated circuit according to anodier aq>ect of the present 
invention, which will be described in detail in the following 
section, and in which the geometry of the transistor is 
determined by design. i.e. considered to be a variable rather 
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matdiing with the lowest possible degradation of the overall 
noise ftgure. The minimal matching network, reduces com- 
ponents and saves area, and therefore contributes to signifi- 
cant cost reduction. 
' Optimization and design of the integrated transistOT- 
inductor structure of the circuit is possible only by the 
availalnllty of scalable models foe transistors, as described 
in a reference co-authored by the present-inventors, entitled 
"A scaleable high frequency noise model for bipolar tran- 
sistors with application to optimal transistor sizing for Low 
noise amplifier design" to be published at the Bipolar 
Circuits and Technology Meeting. 30 Sep.. 1996. which is 
incorporated herein by refa-ence. The scalable models pro- 

j5 vide analytical equations describing noise parameters, as a 
function of the optimal noise current density Jg,. 

As described in this reference, a smes of three equations 
were derived, defining the noise resistance R„. optimum 
source admittance. Y^^,^. and mininuun noise figure F„,^, 

20 as functions of ttie shot noise current sources, transistor Y 
parameters, series emitter resistance r^.. and the total base 
resistance R^. The bias current dependence of the noise 
parameters appears in explicit form via terms in 1^ and 1^. 
and also implicitly in r„ and in the Y parameters. In 

^ derivation of these equations, it was assumed that the base 
and collect« noise currents arc uncorrelated. This is a 
reasonable simplification given the different physical csigins 
of the two noise currents. 

^ For bias current and frequency ranges used in wireless 

^ design, the model reduces to the following simplified yet 
accurate equations 
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than fixed design parameter. That is, the emitter length of a 
Upolar transistcH-. or correspondingly, the gate width of a 
field effect transistor (FBT). is adjusted so fliat the transistw 
is noise matched to the characteristic inqsedance of the 
system, typically SOii, at the desired operating frequency, 
thereby minimizing ttie losses in the passive network around 
the transistor. Since the transistor is an active device, noise 
matdiing is achieved widiout losses and without noise figure 
degradation. The task of noise matching is thus removed 
from the passive network. The resulting matching network is 
therefore siirqjler. and less lossy than in presentiy known 
circuit designs. 

To complete the noise and impedance matdied transistor 
structure, a minimal passive network conqirising two loss- 
less integrated inductors is designed to provide impedance 



These equations can be employed to tailor the device size. 

55 Topically, for a bipolar transistcx. it is required only to 
optimize the emitter length 1^ to adiieve optimal low noise 
performance and minimum matching netwcrk losses. Once 
a noise noatched transistor is obtained, impedance matching 
is achieved very sinoply by selecting apprc^ate values for 
the two inductors and as defined by equations 3 and 
5. These two inductors are the only required passive com- 
ponents used for impedance matching. The structure is 
compact, and the minimal impedance matching circuit con- 
tributes significantty to reducing possible degradation of the 
overall noise figure of a monolithically integrated transistor- 

fis inductor structure. 

As indicated by equations ( 1) and (2). the noise resistance 
and the optimum noise adinitttance scale as 1^. and 1^. ', 
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respectively. ^ is the dc cuncnt gain and n is the collector 
current ideality factor, typically i^l. 

^M/iv of transistor is invariant to changes in emitter 
lengtii provided that the length to widdi ratio of the 
emitter stripe is greater than 10. 5 

All noise parameters are non-linear flinctions of emitter 
width, w^. through the IcCr^^t^) tenn. Tlic ability to predict 
the impact of the statistical emitter width and length varia- 
tions on the noise parameters depends on the availability of 
a physically based, scalable compact modd. 

While noise parameters are available from the post jwo- 
cessor of microwave circuit simulators sudi as LIBRA, only 
equivalent noise voltages and currents can be modelled 
directly using SPICE like simulators. Thus customised 
HSPICE input declcs were developed, based on equations 1 
to 3 . to compute simultaneously Fj,,^, f F,^, R„ and Y 
as functions of I^ in a single simulation run. The HSFIC£ 
calculated noise parameters were found to agree within 0.25 
dB up to 10 GHz with those gennated by LIBRA. 

For the combination of the first transistor and the two 
inductors, a unique combination of l^^^. Jqi. and L^ is 2o 
deteimined that leads to a structure witti minimum noise 
figure Fitm ^"d ideal input impedance matdi. WhUe the 
second transistor is optional and naay be omitted, for prac- 
tical purposes the second transistor is included in order to 
maximize ttie power gain and the frequency of operation. 25 
The size of the second transistor Q2 is selected such that it 
is biased at the current density at which its cut-ofif frequency 
reaches a maximum. The size ratio of Ql to Q2 depends on 
the ratio of the peak fj- current density to the minimum noise 
current density. 30 

In practice, the design of a noise and impedance matched 
circuit is achieved in two stages. I) the iwise matched 
transistor design stage and n) the circuit design stage in 
which simultaneous impedance and noise matching is pur- 
sued. 35 

Based on the scalable model desaibed in ttie above 
mentioned reference, the first stage of the design process 
involves finding ttie optimal noise current density, from an 
analytic equation as set out below, using a ccumnercial 
design tool Le. HSPICE. 40 

The noise parameter equations set out in the rrfeiences, in 
analytical fcrmat were entered in an HSPICE simulator 
input deck to compute simultaneously the minimum noise 
figure Fm/a- the cut-off frequency f maximum oscillation 
frequency noise resistance R„. and optimum source 4S 
admittance as functions of the transistor collector 

current I^-. for a bipcda: transistor, (m c<xiespondiiigly. as 
functions of transistor drain current when a MOSFET 
transistor is to be considered). Corresponding san^ile 
HSPICE decks fear a bipolar and MOSFET transistor are SO 
given in Qic appendices A and B respectively. 

The design of the optimized stracture of HG. 1. based on 
a tripoku transistor, is described in the following exan^c: 

Stage I 

The optimal noise current density is obtained from 55 
equation ( 1) using an HSPICE deck, as represented in FIG. 
4. which shows gnq^cally the dependence of Fuin- "^'^ 
f,^ on tiie collecttx' current From this data, the optimal 
noise current density Jqi is determined for the desired 
operating frequency. Since is a function of If. the 60 
emitta length, this parameter is adjusted so that the opti- 
mum source resistance Rsop equals the characteristic 
impedance of the system (500) at the minimum noise 
current density and at frequency f, as expressed in equation 
(2). which is represented graphically in FIG. 5. 65 

By these two steps, the transistor size, specifically l^. and 
bias current arc determined. The optimum noise inq>edance 
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of the transistor at the end of the first stage is shown plotted 
on a Smith chart in FIG. 6. 
Stage n 

Once the optimized geometry of the noise matched tran- 
sistor is detennine4 an emitter inductor L^ is added to 
matdi the real part of the input impedance to as shown 
in FIG. 7. and defined by equation (3) as a function of the 
frequency f j. 

If lossless. Lf. does not change the value of Rsof '"it it 
does affect the source reactance X^op which is defined by 
equation (4). Finally, simultaneous noise and input imped- 
ance matdiing is obtained by connecting an inductor L^ in 
the base of the transistor Ql as shown in FIG. 8. This 
inductor cancels out the reacunce due to the input 
capacitance. Cj„. of the device, and at the same time, it 
transfcmis the optimum noise reactance of the amplifier to 
0£2. Lg is defined by equation (5). 

In essence, this design methodology ensures that the real 
part of the optimum noise impedance of the fransistor is 
equal to the characteristic impedance Zq at desired fre- 
quency and collector current density. 

Optimal noise and input impedance matching is achieved 
with the sinqjlest matching network. Optionally, a suitable 
matdiing netwOTk in the collector may be added to maxi- 
mize the powCT gain. The scaleable moded allows for the 
transistor size to be uniquely dimensioned in order to 
achieve optimal noise matching. The optimal transistor size 
and bias cuirent decrease with increasing frequency. 

This q^roach differs significantly from conventional 
designs in which the transistor size is not a design variable, 
but a fixed parameter which cannot be optimized by a circuit 
designer. A scaleable noise model has not previously been 
availaUe in the literature. Conventional circuit design for 
low noise has relied on time consuming trial and error 
processes. 

Single transistor test siructtues with emitter inducttvs 
only, and with both base and emitter inductors were fabri- 
cated in a proprietary Northern Telecom silicon bipolar 
process (NT25) at 1.9. 2.4 and 5.8 GHz. As described in the 
above mentioned reference to Voinigescu. test structures 
were fabricated with various emitter widths, lengths, and 
single and multistripe geometries. Agreement between nKa- 
sured parameters and Spice Guramel Poon modelled param- 
eters were well within the typical on wafer noise measure- 
ment error. 

Measured data confirmed the simultaneous noise and 
impedance matdi. The input return loss was better than -19 
dB in all examples. The flmie Q of the fabricated inductors 
on silicon substrates was typically in the range from 7 to 10. 
degrading the noise figure by 0.7 to 1.4 dB. It was found that 
the base inductw contributed 0.4 to 0.7 dB to the measured 
overall noise figure. 

Part 4* of a monolilfaic silicon integrated circuit operable 
as a differential amplifier acccsding to a second embodiment 
of the present invention is shown sdiematically in FIG. 2. 
This circuit is the differential equivalent of the single ended 
aiiq>Mcr structure 10 shown in FIG. 1. Thus, the circuit 40 
conqxises an input pair 42 and 44 d common emitter 
bipolar fransistors Ql and Q2 for low noise amplification, 
and an output pair 46 and 48 of common base Upolar 
transistors Q3 and Q4 for input/output buffeting, the two 
pairs being coupled in cascode configuration. Inputs for 
supplying differential RF signals RF^^ and RF^ are coupled 
to the emitters of the input pair Ql and Q2, and differential 
output signals OUT/, and OUT^y, generated at ou^Mits 
coi^led to the collectors of output pair Q3 and Q4. Matching 
of the real part of tlie noise impedance of ttie input pair of 



13 

rs Ql and Q2 is achieved as described for the single 
ended structure of the first embodiment, by desi^ of the 
transistors Ql and Q2 with appropriate an emitter length to 
nakc the real part of its optimuin noise impedance at the 
desired frequency of operation and collector current density ; 
equal to the characteristic impedance Z^. 

It may be shown that ftc minimum noise figure of a 
differential ampMa stage is identical to that of a single 
ended amplifier stage. Consequently, the size <rf each of the 
transistors, i.e. the emitter length 1^^ of the input pair Ql and 
Q2 of the differential amplifier is roughly twice as large as 
that of the single ended stage. Therefore, the emitter length 
is indicated as l£/=2xl£. where 1^ is the emitto- length of the 
input transistor of the corresponding single ended circuit 
shown in FIG. 2. Emitter inductors S9 and 52. and L^'. 
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To demonstrate the performance improvements achieved 
in application of the matched transistor-inductor structure, 
two silicon integrated circuits were designed, a double 
balanced tnixer and a Low noise amplifier, for i^lication in 
a 5.8 GHz down-convater. The two circuits were designed 
to be simultaneously noise and in^wdancc matched at the 
RF input, and were fateicated in a proprietary Nwthern 
Telecom 25 GHz silicon bipolar process tedinology (NT25) 
using implanted base, double polysilicon transistors. 
inductOTS. and microstrip transmission lines. The three layer 
metallization with 2 juii thick aluminum top metal layer 
allows for the fabrication of inductors with Q's in the 6-10 
range, and of metal 1 grounded microstrip lines with Qs of 
6. at 26 GHz. Transistors have fj- and fj^ of 24 GHz and 



provide matching of the real part of the input iii9>edance and 15 38 GHz respectively at Vc.£=lV. NF„,jv is typically 2 dB ai 
base inductors 52 and 54. and L,'. cancel out the noise 5.8 GHz and BV^eo and ^'^cbo arc 4.2V and 15V respec- 
reactance and input in^dance reactance of the structure, as lively 

described for the structure of the first embodiment, to A schematic of the core of a silicon double balanced mixer 
complete noise and impedance matching, ^cifically the circuit according to a fourth embodiment of the present 
inductance values are determined to be L£=Zc/fOi> and 20 invention is shown in FIG. 9. The circuit is a development 
L^VioXli^-LE- Analogously, the ratio of the sizes of the based on a CDMA GaAs MESFET mixer architecture 
first and second pairs of transistors, i.e. emitter lengths of the described in the Brunei reference, which is is a modified 
Ql and Q2. relative to the emitter lengths of Q3 and Q4, is Gilbert cell mixer incorporating an inductor/capacitor/ 
by the ratio of the peak f^ current density to the minimum resistor matching network. The circuit shown in FIG. 9 
noise current density, as determined for the single ended 25 differs in incorporating the noise and impedance matched 
amplifier. Thus the emitter lengths of Q3 and Q4 are '/a of the transistw-inductor structure, which simplifies the matrfiing 
emitter length l^- of the input pair Ql and Q2, or as shown network, as described above, and allows for implementation 
in FIG. 2. as 1^/4 where 1^ is the emitter length of the input in silicon with performance comparable to GaAs at 5.8 GHz. 

The mixer comprises an input pair of cotimion emitter 
30 transistra-s Ql and Q2, each coiq>led to respective common 
source differential pairs Q3. Q4 and Q5, Q6 which form a 
miung quad. Differential RF inputs arc coupled to the bases 
of the input pair, and differential LO inputs are coupled to 
the bases of differential pairs of the mixing quad to generate 
comprises a first transistw 112, which is a coimnon emitter 35 differential IF output signals at outputs coupled to collectors 
bipolar transistM- Q, for low noise anq>lificatioii, and a of flic pairs the mixing quad. 



transistor of the corresponding single ended circuit shown in 
FIG. 1. 

Part of a monolithic silicon integrated circuit 108 operable 
as a mixer circuit and comprising an integrated transistor- 
inductor structure 110 according to a third embodiment of 
the ]resent invention is shown schematically in FIG. 3, and 



second transistor 114. which is a common base transistor Q^ 
for mixing, the two lransist«s 116 is coupled to the 
emitter 118 of the first transistor Q^; and, a second inductor 
120 Lfl coupled to the base 120 of the first transistor Q,. An 4 
RF signal is supplied to an input coupled to the base of the 
first transistor Ql through and an LO input signal are 
supplied to an iiqiut coupled to the base 124 of flie second 
tiansistur Q2 (hrou^ another base inductor 126 L^j, thereby 



The emitter lengths of Ql and Q2 are designed to provide 
matching of the real part of the noise impedance, and first 
and second inductors provide a passive matching network, 
as described above. Thus, the emitter inductors L^j. and L^' 
provide matching of the real part of the input iiiq>edance to 
Zq, The base inducto- Lj, provides for cancelling the imagi- 
nary part of ttie input impedance and the noise reactance. 
Since one of the RF inputs is AC grounded, a singli 



gena-ating an IF output signal at an output coupled to the 45 inductor only is required. The mixes: also features an LO 



collector 128 of the second transistor Q2. As in the low 
amplifier configuration of the first embodiment, noise and 
input impedance matching of the transistor-inductor struc- 
ture is adiieved by designing the transistor 112 having an 
specific geometry, and in particular a specific emitter length 
If. whidi provides that the real part of its optiimun noise 
impedance at the desired frequency of operation and col- 
lector current density is equal to the characteristic imped- 
ance Zq of the system, i.e. the integrated circuit Once the 
transistcr geometry is determined to provide noise matching, 
design of the matching network is reduced to adding a very 
simple passive matching network using only two inductors. 
The first inductor L^. provides matching of the real part of 
the input in^>edance, and the second inductor L.g cancels 



reject, scries LC filter between the differential IF ou^uts. 
and a parallel LC resonator, tuned on the second RF 
haimonic, as an AC cunent source in the emitter of the input 



for emitter 
large degree the 



D Inductors, L^-. replace conventiooal 
degeneration. The inductors alleviated 1 
trade off between IIP3 and the noise figure. However, since 
the input third wder intercept point, OPS, is proportional to 
lOgJL^ and, since for ideal input match L^2o/2jtf^ I1P3 
5 and input matching become intertwined, that is. 
IlP3--(og,^2nf7. 

In integrated circuit implementations. Zq can usually be 
increased from the typical 50fl. if required, in order to 
fiirther imjxove IIP3. 



the noise reactance and input in^dancc reactance of ttie 60 A silicon low noise amplifiw (LNA) circuit according tc 
structure. Specifically the inductance values are determined ""^^ ' * " ' ' — ■- 
to be L^TJcHt. and LB=l/(o^i„-L£. The size ratio of the 
transistor Ql and Q2. i.e. the ratio of the emitter lengths of 
the first and second transistors, is determined by the ratio of 
the peak f j- current density to the minimum noise cunent. In 
this exanq>le the emitter length ratio was 8:1, which is 
technology dependent 



a fifth embodiment is shown in FIG. 10, and has an archi- 
tecture similar to that usually implemented in GaAs circuits. 
The circuit differs in that it incorporates the simultaneously 
noise and impedance matched transistor-inductw structure 
5 comprising bipolar transistor Ql. and inductors L^. and L^ 
as described in the first embodiment and is implemented in 
silicon for operation at 5.8 Gfaz. 
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As shown in HG. 1». the first transistor Qj is a 2x0.5*20 and provide a factor of at least two in cost reduction relative 

Wpolar device, biased at a minimum noise current of 2.2 to a comparable GaAs implementation delivering similar 

mA. This is different from the mixer circuit of the fourth performance. 

embodiment, whidi is fully differentiaL It can be demon- The noise and impedance matched inductor-transistor 

strated that the minimum noise figure of a differential stage 5 structure may also be used for other RF and wireless circuits, 

is identical to that of the half circuit and ttiat the optimum The availability of the scalable models and the analytical 

noise impedance is two times larger. As a result the size of noise parameto- equations have opened up a tew design 

each of the transistors in ttie input pan- of the double i^oso(Ay for radio frequency (RF) integrated circuits and 

balanced mixer of FIG. 9 is 4x0.5*20 (im^ and Was current microwave monolittiic integrated circuits (MMICs). 

is 4 mA. rou^y twice those of the LNA (FIG. !•). Both For example, test results showed improved performance 

circuits are noise and ii^jut impedance matched to 50£i In when die scalable model was applied to the design of silicon 

order to maximize gain and bandwidft. flie size of the based Darlington ampliflexs having 16 dB gain. 7.1 GHz 

transistors in the mixing quad was chosen g times smaller bandwidth and 8 dB gain 12.6 GHz bandwidth, the layouts 

than that of the input pair, as indicated in the basic transistor- of which are shown schematicaliy in FIGS. 16 and 17. 

inductor structure shown in FIG. 1. The size ratio coire- jj Ccaresponding photomicrographs of the chip layout on a 

^nds to ttie ratio of the peak fj. current density and tiie reduced scale are shown in FIGS. I6A and 17A. These 

minimum noise current density. A similar approach is used circuits would have potential applications in broadband 

for common base transistor Q2 in the LNA to increase gain optical fiber transmission at 10 Gb/s and 17.5 Gb/s respec- 

by 1 to 2 dB. lively. The size of the ou^jut transistor was selected to meet 

Schematic layouts of the integrated circuits for the LNA the output c«iipression point specification whereas the input 

and double balanced mixer circuits are shown in FIGS. 14 transistor lengto was optimized to reduce the g[o\xp delay 

and 15. Corresponding photomicrogr^s of the actual inte- ripple within the 3 dB bandwidth by adjusting the Q of the 

grated circuit layouts, on a reduced scale, are shown in resonant circuit associated with the negative resistance of 

FIGS. 14A and ISA. 50C2 microstrip transmission lines with the cmittcr-foUowCT. The scries and shunt feedback resistor 

metal 1 ground planes were used at the local oscillator ^ values were designed to meet the gain and low frequency 

inputs, in order to minimize substrate losses and to provide input match spedflcation. On-chip input inductors were 

a controlled and dispersion free transmission medium. employed to improve the input return loss at high frequen- 

The measured perfomiance of the LNA and double bal- cies. The measured paformance is summarized in Table 2. 
anced 011x0" are summarized in Table 1 for operation at S.8 

GHz. The gain and input return loss of the LNA mixer are ^ TABLE 2 

shown in FIG. 11 and 12 respectively. The noise figure for ■ — 

the 5.8 GHz LNA is plotted vs. frequency in FIG. 13. The »«°^ s.. delay p,„ v„ pp 

conversion gain erf the mixer was measured with a noise 12.6 ohz 7.8 dB -30dB sps -i2dBm 3.3 v 0.12 w 

figure meter and was confirmed with S parameter measure- 7.1 GHz i6dB -22dB Sps -i6dBm 3.3 v 0.16W 

ments with the mixer biased as an amplifier with dc LO jj _ 

inputs only. return loss and group delay are plotted in 

FIGS. 18 and 19 as functions of frequency for the 12.6 GHz 

TABLE 1 bandwidth Darlington amplifier. The noise figure of the 7.1 

Sj, NF s,, nP3 V PD GHz Darlington amplifier is 5.7 dB at 2 GHz increasing to 

~ 40 8.17 dB at 7 GHz. The 12.6 GHz Darlington amplifier has 

LNA 7.2 dB 4.2 dB -35 dB -4 dBm 3.5 V 7.7 mW g aoise figure of 7.1 dB and 125 dB at 2 GHz and 12 GHz 

Mocr 21 dB 4.2dB -22 dB -2 dB.n 3.3V26n.W rcspcctivdy. 

Gain and bandwidth variation across the wafer for the 8 

The mixo' and LNA circuits of the fourth and fifth dB gain amplifier was better than 0.8 dB and 1 GHz 

embodiments were based on silicon bipolar transistors. 4S reflectively. 

Alternatively, diese circuits may be implemented using In smmnary. the design methodology for the noise and 

silicon MOSFET transistors. The scalable model for bipolar input in^iedancc matched transistor-inductor structure is 

transistors mentioned above is adaptable to silicon MOS- based on two key features. First, the transistw geometry is 

FETs. For silicon MOSFETs, the scalable MISNAN model. treated as a design variable to achieve matching of the real 

developed by Northern Telecom Limited is employed. 50 part of the noise impedance of the transistor to the cfaarac- 

Thus analogous MOSFET based circuits similar to those teristic impedance at the desired frequency, i.e. by adjusting 

described above, exc^t that the bipolar transistors are the emitter length or gate width. This approach is in contrast 

replaced with appropriately designed, noise matdied silicon to conventional designs in which the transistor dimensions 

MOSFETs. Test measurements on the petfonnance of MOS- (size) arc treated as fixed parameters. Thus the transistor size 

FET based circuits are not yet available. A samite H SPICE 55 is selected initially to suit the ^plication. Second, a minimal 

input deck for Silicon MOSFETs is given in Appendix B. passive network is then designed aitiund the noise matched 

The resulting analytical expressions for the noise param- transistor. Again, mis contrasts with the conventional 
ctors of both b^Iar and MOSFET devices allow for the approach in whidi a relative ccmqdex passive netwoik is 
design of the transistor geom^ry to achieve noise matched required to provide ndse and in^iedance matching. A con- 
devices at a given frequency f, and system in^Mdance Zq. 6o vendonal matching network is therefore c«isidcrably more 

The inventors believe, to the best of their knowledge, that lossy and occupies a much larger area than the relatively 

the LNA and mixer circuits described herein are the first simple matching networic resulting from the methodology 

fully integrated silicon based mixer and low noise amplifier described herein. 

circuits whidi have been demonstrated to be operable at 5.8 Circuit performance is optimized using fewer 

Ghz, with performance which has jweviously only been 65 conaponents, and the integrated circuit chip area is reduced, 

achieved using GaAs based circuits. Moreover, the circuits both factors being significant cost drivers in int(^ted 

occupy a record small area for a LNA and a mixer circuit. circuit ' ^ ' 
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Thus, fabrication of highly cost effective, high perfor- 
mance silicon integrated circuit for RF and wireless appli- 
cations in the 5 to 6 GHz band is demonstrated to be feasible. 
The inventors believe that this is a record high frequency f«- 
a silicon integrated mixer and LNA circuit circuits. This 5 
achievement was made possible only by the used of the 
design (Mosophy described herein, together with a high 
speed silicon bipolar process with integrated is inductors. 
Improved perfwrnance of the circuits is also achieved by the 
use of the triple level metal process to provide a low loss lO 
metal 3 microstrip transmission line structure, using silicon 
dioxide dielectric, and metal 1 ground planes. 

The transistor size for q>timal noise match depends on 
(grating frequency and bias current density, whether the 
circuit is implemented in silicon bipolar technology, i.e. 15 
either bipolar junction transistors (BJTS) or Heterojunction 
bipolar transistors (HBTs); or field effect transistors. 
MOSFET. MESFKT. JFET. HENTT. Sample HSPICE input 



decks for both bipolar and MOSFET transistOTS may be 
ad^ted for these transistors. The design methodology is 
particularly applicable to optimising ndse and input imped- 
ance to reduce losses significantly, and obtain optimal per- 
fotmaace in integrated circuits designed in silicon cr using 
heterostructures such as silicon-germanium. Nevertheless, 
the methodology is also useful in overcoming the trade-off 
in noise and input impedance matdiing to improve perfor- 
mance in HBTs. using GaAs. InP and other compound 
semiconductor integrated circuits. 

Furthermore, while simulations based on HSPICE are 
described in detail, other commercially available or custom 
design tods may be used. 

WhUe spedflc embodiments have been described in 
detail, it will be appreciated that variations and modifica- 
tions to these embodiments may be made within the scope 
of the following claims. 
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APPENDIX A: HSPICE INPUT DECK FOR BIPOLAR TRANSISTORS 



Fin ((95.8 OHz), fX, fMAX w hg^c) 

Tbis Hspice iqnit deck gaxntcs jnial output files 

•tabulating NF, fr, Pmai, noise resistance NRn, optimum source 

♦cooductanoe NGop, 

•optiinuni source susoeptance Nbop. and S parameters required for 

•all as fimctions of tlie coUeclor current. 

♦the eEbct of series parasites rs, las, re, le can also be studied. 

•three difincnt NT25 transistors are simulated Ixre to investigate 

•figure scaling. 

•reb = RE 4- RBX + series parasitks. 

• 1 X 2(X1 .Q) is flie colbclor current 

•lyi X 16(X1.Q) is dK intemil Use resistaace 

•tv2 = 2«VT 

•For tefaeax. Sorin \binigescu i34574 



.OPTION tMpage autostop search = ' ' 
OniON INQMD = 1 

•.OPHON ABSVAR = .025 DVDT RELVAR = 0.05 NEWTOL 
OFT POST = 2 •• hsplot plot fonnat 
OPTIONS DCAP = 1 
.TEMP = 23 TNOM = 23 
.PARAM jbase = 8e5 vce = 1.0 




nestiipes = 1 nbstripes = 1 ncstiipes = 1 



.param area = 'leDj1fa'emittet_wkltti' ibose = 'jbase 'a 




cin Mit_b 0 cp 
cout ext_c 0 cp 
.op 

.NET i(vce) ibase ROUT = 50 RIN = 50 
.ac dec 10 O.IO 60O 

• + SWEEP MONTE = 30 

+ sweep jbase poi 23 le5 1.5e5 2e5 3e5 4e5 6e5 7e5 8e5 

+ SteS lo6 l.Se6 2»6 3e6 4e6 6«5 8o6 le7 l.Se7 2e7 3e7 4e7 6e7 8e7 

♦ + svecp vce poi 3 1 2 3 
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APPENDIX A; HSHCE INPUT DECK FOR BIPOAR TRANSISTORS 



Gcofe= -yllCryi x 2(Xl.Qy((reb + 



Bcot = -yllCiri X 2(Xl.Qy((reb + 1/1 x 16pCl.Q))»tv2»(y21(m)»»2) + 1 x 2(X1.Q)) 

■(Gopt = •s<Ft(((yll(m)"2)'l x 2(X1.Q) + (y21(m)"2)«ibasey(l x 2(X1.Q) + tY2* 
(reb+ lvl4<Xl.Q))'(y2l(m)"2)) - 

(yUCiri X 2(Xl.QV((reb + Ul x 16(Xl.Q))'tv2»y21(m)"2) f- 1 x 2CX1.Q)))»2) 



n&nui= •10»lo8l0(l + 2*1 x 2(Xl.Qytv2/(y2I(m)"2)«(yll(r) + sqB((l + (reb + 1/ 
1 X I6(Xl.Q))«ty2»(y21(ni)«»2yi x 2(Xl.Q))»(yll(m)"2 + iinae/l x 2(Xl.Q)«(y2 
l(in)'«2)) yll(i)"2)))- • f, 

.print BC Rjl =pHr(*reb + 1/1 x 16(X1.Q) + 1 x 2(Xl.Qytv2/(y21(m)"2)') 

C3cor = piirCyll(r)«l x2(Xl.Qy((reb+ 1/1 x 16(Xl.Q))>tv2«(f 21(m)'»2) + 1 x 2(X1 



Gopt = pai<'sqn(((yll(m)"2)»l x 2(X1.Q) + (y21(m)"2)'ibasey(l x 2pCl.Q) +- 1 
v2*(reb + lvl4(Xl.Q))'(y21(my2)) - , 

yH(i)'l X 2(Xl.Qy((reb + 1/1 x 16(Xl.Q))'tv2«(y21(m)"2) + 1 x 2(X1.Q)))"2) 



rfmin = p»iC10*loglO(l + 2*1 x 2(Xl.Qytv2/(y21(m)»»2)»(yll(r) + + (re 

b + 1/1 X 16(Xl.Q))»tv2'(y2l(ni)»*2yi x 2(Xl.Q))«(ya(m)»»2 + ib»se/l x 2(X1.Q) 

•(y21(m)"2)) - yll(i)"2)))') 

AIEASURE 'k' find 1 x 2(X1.Q) x 5.8G 

AffiASURE 'jc- find pai('l X 2(XI.Q)«ie - iVarca') at 5.8G 

^MEASURE •Dne_ic' fial paiCl/l x 2<X1.QV) at 5.80 

ilEASURE 'NRn- Bnd 

pat<-(n* + l/l X 16(X1.Q) + 1 x 2(Xl.Qytv2/(y21(m)»*2)y50-) »t 5.8G 
.MEASURE -Ngfxx- find 

= puCyll(r)'l X 2(Xl,Qy((reb+ 1/1 x 16CXl.Q))«tv2'(y21(ni)"2) + 1 x2(Xl.Q)) 
•) 

+ at 5.8G 

J^EASURE Vgop' find 

pai<'Kjrt(((yll(m)*«2)'l x KXl.Q) +■ (y21(m)«2)'iba9ey(l x 2(X1.Q) + tv2'(reb 
+ lvl4(Xl.Q))'(y21(m)"2))- 

(yll(i)*l X 2(Xt.(}y((reb + 1/1 x 16(Xl.Q))»iv2«(y21(m)««2) + 1 x 2(X1.Q)))««2) 



1*IEASURE *NF 



par('10»kjglO(l + 2*1 x 2(Xl.Qytv2/(y21(iii)"2Xyll(r) + sqrt((l + (leb + 1/1 x 
16(Xl.Q))nv2*(y21(in)«»2yi x 2(Xl.Q))»(yll(m)"2 + ib»s«/l x 2(Xl.Q)«(y21( 
inr2))-yll(ir»2)))') 
+ U5.9G 

•JiffiASURE 'beta' find lvlO(XI.Q) m 5.8G 
MEASXJKE 'fteuZ' find pm('h21(m)*2/Biirt(l - 
(h21(myivlO(Xl.Q))»»2)') at 2G 
.MEASURE '(T when hZl (db) = 0 



MEASURE 
MEASURE ■s21_r' 
MEASURE 's21_i- 
MEASURE •sl2_r' 
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APPENDIX A: HSPICE INPUT DECK FOR BIPOLAR TRANSISTORS 

JblEASURE 's22„i' 6ai s22(i) at 5.8G 
J.IB 

'/biir/useTs*crks2e£_l/sormv/Pi«xssFilea/tal8rt«hiBtogyj]^ 
inc '/biu/usere/bcrk«W_l'sorinv/ProcwsFiles/U18/Dpn.subckt" 
•.alt 

•/biir/users^rks2et_l/sor 



'*ni/usets/bcrks2eLl/!»rinv/Pr«:essFUes/tal8/techiiology-nt25.best' 



s« Measiuecnenf 



.OPTION INGOLD = 1 



OPT POST = 2 bsptot plot fbrai 

PARAM vce = 2.5 

JJET i(vce) vgs ROUT = 50 RIN = 



+ PS = 8Je-05 

^Hram IS = 5 Is = 5.0e - U re = 1.0 k = 2.0e - 11 cp = 0.0e - 1' 



I = •» + re- area = 'WW'LL' 

0.1G40G 



.panon Rn = "reb + p»l x 7(tQfty(y21(m)»»2)- 

.param GcOT= 'yll(r)»p»l x 7(nifty((reb)«(y21(m)»»2) + p»l x 7(mfk)y 
.pannn Bcor = -yUCi)*?*! x 7(mfty((reb)»(jr21(m)**2) + p»l x 7(mft))' 



nfinin = '10*loglO(l + 2»p«l x 7(infty(y21(in)*»2)'(yU(r) + syt((l + (n*)'Xy21 

(m)"2yp/i x 7(mft))«(yll(m)'*2) - yll(i)"2)))' 

.print ac Rn = pai('reb + p*l X 7(nifty(y21(m)'*2)') 

+ Gcor = pa:<'yll(r)'p'l x 7(mfty((n*)»(y21(in)»«2) + p*l x 7(mft))') 



Gopt= paiC«q«(((yU(m)"2)^»l x 7(mft)y(p»l X 7(nift) + (r(*)»(y21(m)"2) 

) - •(yll(i)'pM X 7(mfty((reb)«(y21(m)«»2) + p«l x 7(mft))y2)') 

+ Bopt = paiC - yll(i)'p«l X 7(mfty((reb)'y21(m)"2 + p«l x 7(nrft))-) 



a£am = pai('10»loglO(l + 2«p'l x 7(infiy(y21(m)»'2)»(yll(r) + aqrt((l + (reb)* 
•y21(in)"2yp/l x 7(mft))'(yll(m)"2) - yll{i)"2)))-) 
JklEASUKE -id' find 1 X 4(mft) at 23G 
.MEASURE -jd' find paiCl X ^mftyarea') at 2.SG 
AlKASURE -gai- find parCl x 7(mft)') al 2.5G 



5,789,799 
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MEASURE 'NUn' find paiCieb + p'l x 7(mfty(y21(m)«*2y) at 2JG 
MEASURE Vgcot' find 

= pM<'yll(r)»pn X 7(mfty((reb)'(y21(m)"2) + p'l x 7(mft))-) 
+ M2.5G 

MEASURE -Ngop' find 

+ pai<'s?it(((yll(m)**2)«p«l x 7(inft)y(p«l x 7(mft) ^- (reb)*(y21(m)"2)) - 
(yll(irp*l X 7(mfty«reb)»(y21(in)"2) +■ p'l x 7(mft)))*«2)') 
■i-ai 2.5G 

MEASURE •Nbop- find = paiC - 

yll(i)Vl X7(mftyc(rebr(y21(m)"2) +p'l X7(nift))-) 

+ al25G 

MEASURE W 

paiC10*k)glO(l + 2»p*l X 7(mfty(y21(m)"2)'(yll(r) + sqrt((l + (reb)»(y21(in 
r'lyp/l X 7(inft)r(yn(m)'«2) - yll(i)'«2)))') 
+ al 2.SG 

MEASURE -fr when h21(db) = 0 
MEASURE •fnax' 

+ WHEN p«rCs21(m)*s21(my(l - sll(m)'sll(ro)y(l - s22(m)'«22(m))') = 1 
MEASURE -sIU- find sn(r) at 2.5G 
MEASURE '5ll_i' fiiri sll(i) at 2,5G 
MEASURE •m_s2r find 521(m) at 2.5G 
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What is claimed is: 

1. An integrated circuit including an integrated transistor- 
inductor structure compnsing: 

a transist« having geometric dimensions comprising a 
characteristic dimension, ttie characteristic dimension 
being an emitter length, 1^ for a bqjolar transistor, and 
a gate width for a field effect transistor, the diar- 
actcristic dimension being selected to provide the real 
part of the optimum noise in^Kdance equal to the 
characteristic inqjedance of the integrated circuit Z^. 
thereby providing noise matching of the transistor at a 
selected operating frequency and Was current density; 

and a passive matching netwoik consisting of a first 
inductor for matching the real part of ttie iqiut imped- 
ance to Zq, and a second inductor for cancelling out die 
imagiuiry part of the input impedance and the noise 
reactance respectivdy. the circuit thereby providing 
simultaneous noise and inpat inq>edaiice matching. 

2. A silicon integrated structure according to claim 1 
wherein the first inductw L^=Z^(Oj^ where coj-is operational 
frequency and wherein the second inductor Ly=l/iD^i„-L£, 
wherein Cj„ is the total input capacitance of the transistor. 

3. An integrated circuit according to claim 1 wherein 
the transishHT comprises a bipolar transistor conqnising an 

emitter, base and c<^ector, coupled in common emitter 
configuiatioa, ttie length 1^ of the emitter being c^- 
mized to provide noise matching of the transistor, 
the first inductor being an emitter coupled inductor for 
matching the real part of the iqHit impedance Zq. and 
the second inductor being a base coupled inductor 
for matching the imaginary part of the input impedance 
and noise reactance to 0£1. 

4. An integrated circuit according to claim 1 wherein 
the transistor con^wises a silicon field effect transistor 

comprising a gate, source and drain, coupled in com- 
mon source configuration, the width w^ of the gate 
being optimized to provide noise matching of the 
transistor. 



the first inductor being a source coupled inductor Lf for 
^ matching the real part of the input inq>edance Zo. and 
the second inductor being a gate coupled inductor hg 
for n]atdung the imaginary part of the input in^jcdance 
and noise reactance to OCl. 

5. A structure according to claim 1 comprising a second 
3j transistor for input/ou^t bufi'ering. the second transistor 

coupled to the first transistor in cascode configuration, the 
size ratio of Ql to Q2 being determined by die ratio of the 
peak fj- current density and the minimum noise om'ent 
density. 

6. A structure according to claim 1 wherein the chvac- 
40 teristic inpedance Zp 500. 

7. An integrated circuit according to claim 3 wherein the 
bipolar transistor is selected from the group consisting 
bipolar junction transistors (BJTs) oi heterojunctioo Upolar 
transistors (HBTs). 

8. An integrated circuit according to claim 7 implemented 
in silicon. 

9. An integrated circuit according to claim 7 in^lemented 
in silicon-gomanium. 

It. An integrated circuit according to claim 7 imple- 
mented in a m-V compound semiconductor, 
so 11. An integrated circuit according to claim 7 imple- 
mented in GaAs. 

12. An integrated circuit according to claim 4 wherein the 
field effect transistor is selected frata the group comprising 
MOSFFTS, MESFETS, JFETS, and HEMT transistors. 
55 13. An integrated circuit accwding to daim 6 wherein the 
field effect transistor is a silicon MOSFET. 

14. An integrated circuit coit^sing according to daim 3 
comprising second bipolar transistor, coupled in cascode 
configuration, common base mode, for input/output buffer- 
ing. 

* 15. A drcuit according to claim 14 wherein the size ratio 
of the emitter lengths of die first and second transistors is 
determined by the ratio of die peak f j. cmrent density to the 
minimum noise current density. 

16. An integrated circuit comprising according to claim 4 

65 coin>rising a second field effect tnuisistor, couj^ed in cas- 
code configuration, common gate mode, for input/output 
buffering. 
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17. A circuit acccNrding to claim 16 wherein the size ratio 
of the gate widths of the first and second transistors is 
deterinined by the ratio of the peak fj current density to the 
minimum noise current density. 

18. An integrated circuit including an integrated j 
transistor-inductor structure comprising: 

first and second bipolar transistors in cascode 
configuration, each transistor comprising an emitter, 
collector and base, the first transistor being coupled in 
common emitter mode and the second transistor 
coupled in common base mode, the first transistcR- 
having a emitter length Jg. selected to provide the real 
part of the optimum noise impedance equal to the 
characteristic impedance of the integrated circuit Z^, 
thereby ja-oviding noise matching of the transistor at a 
selected operating frequency; 

a first inductOT coupled to the emitter of the first 
transistcH". for matching the real part of the input imped- 
ance to Zq. and a second inductcr L^. coupled to die 
base of the first transistor, for cancelling out Ifae imagi- 
nary part of the input impedance and the noise reac- ^° 
tance respectively, die circuit thereby providing simul- 
taneous noise and input impedance niatching. 

19. A circuit according to claim 18 wherein an emitto- 
length Ijjj of the second transistor is selected to provide that 

it is biased at the cuirent density at which its cutoff fre- 25 
quency readies a maximum for maximizing gain and firc- 
quency of operation. 

20. A circuit accOTding to claim 18 wherein the ratio of the 
emitter lengths of first and second transistors is deteimined 
by the ratio of the peak f^- current density to the minimiun so 
noise current density. 

21. The circuit according to claim 18 operable as a low 
noise amfiifler. conpdsing: 

means for supplying a first ji^ut signal coupled to the first 
transistor base through Ihe second inductor . 33 

the transistor emitter coupled to an emitter degeneration 
means con^risiog (he first inductor L^. and ou^t 
means coupled to the collector of ttic first transistor for 
generating an output signal. 

22. The circuit according to claim 18 operable as a mixer 40 
circuit com{Hising: 

means for supplying an first input (RF) signal coupled to 
the first transistor base dirou^ the second inductor L,^ 

a second base Inductor coupled to the base of the second 
transistor and means for supplying a second input (LO) 4S 
signal coupled to the second transistor through the 
second base inductor; 

die transistor emitter couided to an emitter degeneration 
means conprising the first inductor L^, and 

output means coupled to the collector of Ifae first transistor so 
for generating an output (IF) signal. 

23. An integrated circuit according to claim 21 wherein 
die output means comprises an LC filter. 

24. A silicon integrated circuit structure con^rising a 
integrated transistor-inductcx^ structure for operation as a ss 
douUe balanced mixer, comprising: 

an input pair of common emitter transistors Ql and Q2, a 
mixing quad coiiq>tising two differential pairs of com- 
mon base transistOTs Q3 and Q4. and QS and Q6. eadi 
transistcH- of the input pair Ql and Q2 coupled to an ^ 
emitter of a respective one of the pairs of the mixing 

a pair of emitter inductors coupled to (he emitters of 
the input pair Ql and Q2, the emitter inductors 
providing emitter degeneration means, and a base ^ 
inductor coupled to the base of one of first pair of 
Ql and Q2, the other base being AC grounded; 



26 

input means for supplying differential input (RF) signals 

coi5)led to the bases of the input transistor pair through 

the second inductor LB. 
input means for supplying differential second input (LO) 

signals coupled to respective bases of each pair of 

transistors of the mixing quad, 
ou^t means coupled to collectoK of pairs transistors of 

the mixing quad for generating a differential output IF 

signal; and 

each of the transistors of the input pair Ql and Q2 having 
a emitter length I^. selected to provide the teal part of 
the optimum noise impedance equal to the character- 
istic impedance of the integrated circuit Zq. thereby 
providing noise matching of the transistors at a selected 
operating frequency; 

the emitter inductors L^ coupled to the emitter of the input 
transistors, for matching the real part of the input 
impedance to Z^,. and the second inductor L^, coupled 
to the base of one of file input transistor, for cancelling 
out the itnaginary part of the input inq>edancc and the 
noise reactance respectively, the circuit thereby provid- 
ing simultaneous noise and input impedance matching. 

25. An integrated circuit according to claim 24 wherein 
the size ratio of the transistors in the mixing quad and ttie 
input pair is based on ratio of the peak fj- current density and 
the minimum noise current density. 

26. An integrated circuit according to claim 24 including 
an LO reject filter comprising an series LC filter coupled to 
between differential IF ou^ut ports. 

27. An integrated circuit according to claim 25 including 
a parallel LC resonator tuned on the second RF harmonic as 
an AC current source coupled in the emitter of the input pair. 

28. A silicon integrated circuit structure comprising a 
transistor-inductor structure for operation as a low noise 
differential an^lifler. comfHising: 

an input pah: of common emitter transistors Ql and Q2, 
and an ou^t pair of common base transistors Q3 and 
Q4 coupled in cascode configuration; a pair of emitter 
inductors L^ coupled to respective emitters of the input 
pair Ql and Q2. and a pair of base inductors Lg coupled 
to file reflective bases of the input pair of Ql and Q2, 

means for receiving a first input signal pairs coupled to 
respectively to the bases of the first transistor pair 
through the second inductors L^ 

for generating a pair of ou^ut signals at the collectors of 
the second transistors Q3 and Q4\ 

each of the transistors of the input pair Ql and Q2 having 
a emitter length I^, selected to provide the real part of 
the optimum noise impedance equal to the character- 
istic inq>edance of the integrated circuit Zq. thereby 
providing noise matching of the transistors at a selected 
operating frequency; 

die emitter inductors L^. coupled to the emitter of the input 
transistors, for matching die real part of the input 
impedance to Zq. and the base inductor Ljj, coupled to 
the base of one of the input transistor, for cancelling out 
the imaginary part of the Lnjiut impedance and ttie noise 
reactance respectively, the circuit thereby providing 
simultaneous noise and input impedance matching. 

29. An integrated circuit according to claim 28 wherein 
the emitter lengths c£ the first and second pairs of transistors 
of the differential amplifier are twice as large as the corre- 
sponding emitter lengths in a corresponding single ended 
amplifier circuit. 



